The objective of this paper is to develop the theoretical foundation to the pilot-assisted channel estimation using delay-time domain windowing for the coherent detection of OFDM signals. The pilotassisted channel estimation using delay-time domain windowing is jointly used with polynomial interpolation, decision feedback and Wiener filter. A closed-form BER expression is derived. The impacts of the delay-time domain window width, multipath channel decay factor, the maximum Doppler frequency are discussed. The theoretical analysis is confirmed by computer simulation.
Introduction
The next generation mobile communication systems must support very high-speed data services. On the other hand, the channels in these system will be severely frequencyselective [1] . As a transmission method, orthogonal frequency division multiplexing (OFDM) has been attracting attention since it can avoid the inter-symbol interference (ISI) [2] , [3] . An accurate channel estimation technique is necessary for the coherent detection of OFDM signals. The pilot-assisted channel estimation [4] , [5] using delaytime domain windowing [6] is promising. To improve the tracking ability against the time variation of the fading, the delay-time domain channel estimation can be jointly used with polynomial interpolation [7] , decision feedback [8] and Wiener filtering [9] . So far, the bit error rate (BER) performance achievable with the pilot-assisted channel estimation jointly using delay-time domain windowing and polynomial interpolation, decision feedback or Wiener filtering was evaluated by computer simulation only, and there has been no theoretical analysis.
The Objective of this paper is to develop the theoretical foundation of the pilot-assisted channel estimation using delay-time domain windowing. We derive the theoretical BER expressions so as to predict the average BER performance, without resorting to the computer simulation, in a frequency-selective fading channel. The remainder of this paper is organized as follows. The transmission system model of OFDM is presented in Sect. 2. Channel estimation using delay-time domain windowing jointly used with polynomial interpolation, decision feedback and Wiener filter is 
OFDM Transmission System Model
The OFDM transmitter/receiver structure is illustrated in Fig. 1 . N c -subcarrier OFDM is assumed. In a transmitter, the binary data sequence is transformed into data-modulated symbol sequence. Then a known pilot sequence of N c sym-
for the nth frame. The pilot-inserted symbol sequence is serial-to-parallel (S/P) converted into N c parallel streams for generating the OFDM signal by N c -point IFFT. Finally, the cyclic prefix of N g samples is inserted at the beginning of each OFDM symbol as the GI before transmission. One pilot OFDM symbol and its following (M−1) data OFDM symbols constitute one frame, as shown in Fig. 2 .
The equivalent baseband representation of the mth OFDM symbol in the nth frame is given by 
where S denotes the signal power per subcarrier. The OFDM signal is transmitted via an L-path frequencyselective fading channel. Assuming block-fading, the channel impulse response for the reception of the mth OFDM symbol in the nth frame can be represented as [10] 
where h n m,l and τ l are the path gain and delay-time of the lth path, respectively and δ(t) is the delta function. The maximum delay-time is assumed to be shorter than N g samples. The channel has an exponential power delay profile and
where α is the decay factor and E [·] represents the ensemble average operation. The received mth OFDM symbol in the nth frame can be expressed as
where n n m (t) is the additive white Gaussian noise (AWGN) with the single-sided power spectrum density N 0 . After the removal of GI, N c -point FFT is applied to obtain
where H n m,k and N n m,k are the channel gain and the noise component at the kth subcarrier, respectively, and are given by 
Channel Estimation Based on Delay-Time Domain Windowing
The pilot-assisted channel estimation using delay-time domain windowing is illustrated in Fig. 3 . At the beginning of each frame, the channel estimateĤ n 0,k is obtained by removing the pilot modulation. Without loss of generality,
which is the noisy channel impulse response. The noise can be reduced by applying the window w (τ) toĥ
where
where W is the delay-time domain window width. Finally, N c -point FFT is applied to obtain the noisereduced instantaneous channel gain estimate as
is a zero-mean complex Gaussian noise with variance 2(W/N c )(N 0 /T c )/N c .
Polynomial Interpolation
For tracking against time variations of the channel gain, the polynomial interpolation [11] is considered. The channel estimateH n m,k for coherent detection of the mth OFDM symbol in the nth frame is given by
Decision Feedback
When the Doppler spread is getting faster, the channel estimation using interpolation becomes inaccurate. It is necessary to insert more pilot symbols to improve the tracking ability. But this results in lower transmission efficiency. The pilot-assisted channel estimation using delay-time domain windowing can be jointly used with decision feedback as illustrated in 
Fig. 4 Decision feedback.
In order to reduce the noise and the error propagation due to the decision feedback, the 1st-order infinite impulse response (IIR) filter with forgetting factor β is applied. The outputH n m,k of IIR filter is the channel gain estimate, which is given bỹ
withH n 0,k =H n 0,k (which is the channel estimate obtained by delay-time domain windowing), where
Wiener Filter
A Q-order Wiener filter shown in Fig. 5 is considered. The channel estimateH n m,k is given as
] is the estimated gain vector filtering and
W m,k is updated according to the minimum-mean square error (MMSE) criterion and is given by [12] 
where I is Q × Q identity matrix,
Fig . 5 Wiener filter.
BER Analysis
The 
The average BER is obtained from 
where µ m is the normalized covariance and is given by
with
Since
we have
Therefore, µ m of Eq. (27) can be given as
where E b /N 0 (= 0.5(S ·T c ·N c )/N 0 ) denotes the signal energy per bit-to-AWGN power spectrum density ratio. Finally, we obtain the following general BER expression:
The average BER can be obtained by averaging Eq. (33) over a frame as
In the following, we obtain A 1 , A 2 and A 3 for delaytime domain windowing, interpolation, decision edback and Wiener filtering. We assume the Jake's fading model [1] for each propagation path.
(1) Polynomial Interpolation First, we consider the 0th order interpolation. In this case, delay-time domain windowing is only used. We havẽ 
where 
For E b /N 0 1, the average BER can be approximated as
(4) Ideal Channel Estimation Since A 1 = A 3 =1 and A 2 =0, the BER is not a function of the OFDM symbol position in the frame and Eq. (34) reduces to Table 1 summarizes the numerical and simulation condition. We assume that one frame consists of 64 OFDM symbols. A sample-spaced 8-path (L=8) frequency-selective block Rayleigh fading channel, having an exponential power delay profile with decay factor α, is assumed. Figure 6 shows the average BER as a function of the delay-time domain window width when E b /N 0 =20 dB. A good agreement is seen between the numerical and computer simulated BERs. By reducing the window width W from 255 to 29, the BER only slightly improves. The average BER can be reduced to half by using delay-time domain Table 1 Numerical and simulation conditions. window having W=29 when α=0 dB. However, if W is set to be less than 29, the impulse response is truncated by the window and the estimated impulse response is distorted; therefore, the BER significantly increases below-W=29. The distortion in the estimated channel impulse is more significant for a stronger channel selectivity case (i.e., α →0 dB). As a consequence, the value of W can be set to the expected maximum delay time difference (W=29 in this paper) irrespective of the channel selectivity. Figure 7 shows the BER performances using 0th, 1st and 2nd-order interpolation filters as a function of the average received E b /N 0 for various values of f D T s when L=8 path, α=0 dB and W=29. The BER performance using 0th-order interpolation greatly degrades when f D T s > 0.001 (which corresponds to a terminal moving speed higher than 40 km/h for a bit rate of 100 Mbps and 5 GHz carrier frequency) since the tracking ability of the 0th-order interpolation filter is very poor. However, the 1st and 2nd-order interpolation filters provide much better BER performance. It should be noticed that the 1st and 2nd-order interpolation filters provide almost the same BER performance. Figure 8 shows the BER performance using decision feedback with β=0.3 (we have found from computer simulation that β=0.3 can minimize the BER for f D T s =0.0001-0.01 at the average E b /N 0 =15 dB and also at the average E b /N 0 =30 dB). For perfect feedback, the BER performance is better than using interpolation filters under a fast fading environment. However, due to error propagation, the BER performance with real decision feedback degrades and becomes worse than using the 1st and 2nd-order interpolation filters. Figure 9 shows the BER performance using Wiener filter when α=0 dB and L=8. As the number of taps increases, the BER performance improves. The BER-performance of 1-tap Wiener filter and 0th-order interpolation are seen to be almost the same. The reason for this is discussed below. The causes of decision errors in the interpolation-based channel estimation schemes are the AWGN and the tracking error against time-variant fading. The BER due to AWGN should be the same for the 0-th order interpolation filter and the 1-tap Wiener filter, since the same delay-time domain window width is used. On the other hand, the BER floor appears in large E b /N 0 region where the predominant cause of errors is the tracking error against fading. The tracking ability against fading is controlled by the tap coefficient. The tap coefficient is always 1 for the 0-th order interpolation, while it depends on the fading maximum Doppler frequency f D and the average received E b /N 0 for the 1-tap Wiener filter. According to our computer simulation, the tap coefficient of the 1-tap Wiener filter was found to be 0.998 at (a) 0th-order.
Numerical and Simulation Results
(b) 1st-order.
(c) 2nd-order. Fig. 7 BER performances using polynomial interpolation. m=32 (i.e., the center of a frame) when the average received E b /N 0 =20 dB and f D T s =0.0001. Accordingly, the tracking ability against fading is almost the same for the 0-th order interpolation and 1-tap Wiener filter, resulting in almost the same BER floor in large E b /N 0 region.
The BER floor seen in large E b /N 0 region depends on the tracking ability against fading. It can be seen from Fig. 7(c) and Fig. 9(c) that the 3-tap Wiener filter has a good tracking ability against fading and gives a lower BER floor than the 2nd-order interpolation when f D T s < 0.008. However, as the fading becomes too fast, e.g., f D T s > 0.008, both 3-tap Wiener filter and 2nd-order interpolation have a poor tracking ability against fading and yield large BER floors.
The Computer simulated BER performances are also plotted in Figs. 7-9 . A fairly good agreement between the numerical and simulated BER performances is seen. This confirms our theoretical BER analysis.
Conclusion
The closed-form expression of the BER performance was derived for the pilot-assisted channel estimation using delay-time domain windowing jointly used with polynomial interpolation, decision feedback and Wiener filter. The theoretical analysis was confirmed by computer simulation. In this paper, only the uncoded case was considered. However, it is expected that even when channel coding is applied, the BER performance close to the ideal channel estimation case can be achieved due to delay-time domain windowing and decision feedback after channel decoding. The theoretical BER analysis of coded OFDM with practical channel estimation is an interesting future study.
